In this paper, a nonisolated three-level (TL) buck converter is used for high voltage high power solar charging application. In order to search the maximum power point tracking (MPPT) point, keep the capacitor voltage balance and realize the function of constant current (CC) and constant voltage (CV) charging, a multiloop interleaved control (MIC) method is proposed. The proposed TL buck battery charger and the MIC method have the advantage of lower inductor current ripple, lower switch withstanding voltage and lower switching loss compared with the conventional buck charger. The proposed MIC method is digitally implemented by a digital-signal-processor (DSP)-based system. Simulation and experimental results based on a 4000 W prototype circuit are presented to demonstrate the effectiveness of the proposed control method.
Introduction
The photovoltaic power generation system is built worldwide in private and commercial applications recently, and the stand-alone PV system is attractive for supplying the required electricity in remote areas. Solar battery charger is the crucial component of the stand-alone PV system [1] . It can adjust the PV panel output power in order to find the maximum power operating points, and it also prevents batteries from excessive overcharge. Several DC-DC converters proposed in [2, 3, 4, 5, 6, 7, 8] are used to design the battery charger. They are divided into isolated [3] and nonisolated topologies. Isolated converters such as flyback or isolated cuk [9] converter are suitable for high conversion ratio applications, however these topologies have the problems of low conversion efficiency, high voltage stress, high switching losses and significant electromagnetic interference. Nonisolated DC-DC topologies [2, 3, 4, 7] have the advantage of simple structure, and they are suitable for improving conversion efficiency and reducing the cost of the system. A dynamic buck/boost topology with micro-controller is designed to meet the low-cost application [6] . In [2] , a highly efficient ZVT-PWM soft-switching buck converter is proposed for battery charger. The ZCS buck converter and synchronous buck converter also provide high efficient solution for battery charge applications in [4] . However, these topologies and control methods are only suitable for low power application.
In high voltage and high power application, the multilevel DC-DC converter is more attractive, because it has the advantage of the reduction of switches voltage stress, the significantly reduced filter [1, 10] .
In this paper, the three-level (TL) buck converter is used for high voltage high power battery charger application, and the MIC method is proposed which is combined with multiloop control and the interleaved pulse width modulation scheme. Lower voltage stress, current ripple and switching loss could be achieved compared with the conventional buck charger. The proposed control method is digitally implemented and verified in a DSP-based system.
Circuit converter and operating principle
The conventional two-level buck and the proposed three-level buck-type battery charger are shown in Fig. 1 (a) and Fig. 1 (a) separately. The proposed three-level buck-type converter consists of two power switching devices of Q 1 and Q 2 , one inductor L, two diodes of D 1 and D 2 , two capacitors of C 1 and C 2 in the input side and one capacitor C out in output side. Assuming that the capacitor voltage U c1 ¼ U c2 , so when the power device of Q 1 or Q 2 is turned off, the voltage stress is only half of the U PV .
There are four possible switching states when the converter can operate, depending on the duty ratio D of switches Q 1 and Q 2 . As the interleaved control method is proposed in this paper, there is a phase difference of 180°between two driver signals for Q 1 and Q 2 .
The following assumptions are made for the system analysis: (1) All the components are ideal;
(2) Two capacitors of C 1 and C 2 are large enough, and the voltage of two capacitors satisfies U c1 ¼ U c2 ¼ 0:5U PV .
Situation for D > 0:5
The operation waveforms are shown in Fig. 3 (a), both duty ration D of switches Q 1 and Q 2 are larger than 0.5. At time t 0 , the switches Q 1 and Q 2 turn on as shown in Fig. 2(a) , the inductor L is being linearly charged, and the inductor current is given in Eq. (1) At time t 1 , the switch Q 2 turns off as shown in Fig. 2(b) , and the inductor current flows through diode D 2 to input capacitor C 1 . As the inductor current i L > 0, the bottom capacitor C 2 is charged and the top capacitor C 1 is discharged. The inductor L is discharged until time t ¼ t 2 , the inductor current is given in Eq. (2)
At time t 2 , the switch Q 2 turns on, and the inductor current is charged with the input voltage again.
At time t 3 , Q 1 turns off as shown in Fig. 2(c) , the inductor current i L ¼ Ài C2 , thus, the capacitor C 2 is discharged, and the other capacitor C 1 is charged, the inductor current will go through Q 2 , C 2 and D 1 , and it is discharged by U PV =2 À U 0 again.
Situation for D < 0:5
The operation waveforms are shown in Fig. 3(b) . At time t 0 , Q 1 turns on and Q 2 turns off as shown in Fig. 2(b) , the inductor current flows through C out , D 2 , C 1 , Q 1 , and the inductor L is being linearly charged, it is given in Eq. (3)
At time t 1 , both switches turn off as shown in Fig. 2(d) , the inductor voltage is equal to the battery voltage. The inductor L is discharged until time t ¼ t 2 , and the inductor current is given in Eq. (4)
At time t 2 , the switch Q 2 turns on and the switch Q 1 turns off as shown in Fig. 2(c) , the inductor current is charged until t ¼ t 3 . The bottom capacitor C 2 is discharged, and the top capacitor C 1 is charged again.
At time t 3 , Q 2 turns off as shown in Fig. 2(d) , the inductor L is discharged again.
Proposed control method
The proposed control method for the three-level buck is shown in Fig. 4 . By sampling PV voltage U pv and current I PV , it is convenient to find the maximum Both the voltage and current controller are proportional-integral-type controllers. The proposed method is able to yield smaller inductor current ripple and lower voltage stress of the switches. The three-level buck converter has two cascaded capacitors, and each power switch needs to withstand only a half of input voltage, so the additional voltage balance control loop is required to balance both capacitor voltage. If the capacitor voltage U c1 is higher than the capacitor U c2 , the conducting time of switch Q 1 should be increased, and the conducting time of switch Q 2 should be decreased. If the capacitor voltage U c2 is higher than the capacitor voltage U c1 , the situation is similar.
Experimental result
A 4000 W experimental prototype of the solar battery charger has been built and tested to verify the effectiveness of the proposed MIC method based on a DSPbased system with the TMS320F28035 chip.
The system parameters of TL buck converter and PV panels are summarized in Table I and II. 16 PV panels are connected in series, and the proposed charging circuit is applied to a 360 V, 100 Ah lead-acid battery. The experimental results of multiloop without and with interleaved control method are shown in Fig. 5 and Fig. 6 separately. The experimental results are consistent with the theoretical analysis, and the proposed MIC method could have lower inductor current ripple. For the same ripple current, the required inductance of filter L has small magnetic components size. Fig. 7 shows that both the capacitor voltages are balanced after the proposed voltage balancing control loop is applied. It follows that the switch Q 1 has larger conducting time than the switch Q 2 , therefore, the capacitor voltage U C2 starts rising and the other capacitor voltage U C1 falls. After 100 seconds, the difference between the two capacitor voltages is no more than 10 V. Fig. 8 shows the experimental results with the MPPT control method. The results show that the PV panel can operate at the maximum power point. Fig. 9 shows the waveform after the constant current charging loop is applied. It is noted that the charging current keep 11 A after 3.5 s, and the voltage of battery keeps 360 V.
Curves of measured conversion efficiency between the conventional buck and the proposed three-level buck charger are provided in Fig. 10 . As the open circuit voltage exceeds 600 V, 1200 V IGBT (IKW40N120H3) is used for the conventional buck converter. It can be seen that the proposed three-level buck converter has advantage over the conventional two-level buck converter due to using the low voltage devices. The three-level buck converter has more competitive efficiency performance. The maximum efficiency of the proposed converter increases to about 98.7%, and the improvement efficiency at full load is nearly 1.5 percentage. From the above analysis, utilization of smaller inductor and low voltage devices yields higher efficiency, lower cost compared with convention buck converter.
Conclusion
The three-level (TL) buck converter is used for solar battery charger in this paper, and the MIC method for the TL buck converter has been proposed. The capacitor voltage unbalance problem in the TL system is improved by the proposed control algorithm, and lower inductor current ripple, lower switch withstanding voltage could be achieved. Utilization of smaller inductor and low voltage devices yields higher efficiency, higher power density, and lower cost. The control method is implemented in an DSP-based system, and the effectiveness and validity of the proposed method is verified by the experimental results.
Acknowledgments
This work was supported by Distinguished Young Teacher Project of Education Department of Guangdong Province (YQ2015156). 
